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Objectives: Elevated risks of skin cancer following high doses of ionizing radiation have long been known.
Recent reports on atomic-bomb survivors indicate that nonmelanoma skin cancer can be induced at low to
medium doses. We studied atomic-bomb survivors to determine the effects of radiation on speci®c histologic
types of skin cancer and to describe the dose-response relationship.
Methods: Cases of melanoma, nonmelanoma skin cancers, and Bowen's disease were ascertained between 1958
and 1987 for the 80,000 cohort members through the population-based Hiroshima and Nagasaki (Japan) tumor
registries augmented by searches of other records.
Results: An excess of basal cell carcinoma (n = 80), with some suggestion of a non-linear dose-response, was
observed. The excess risk decreased markedly as age at exposure increased, and there was no evidence for an
interaction between ionizing and ultraviolet radiation. No dose-response was found for squamous cell
carcinoma (n = 69). The excess relative risk point-estimates were large, but statistically nonsigni®cant for both
melanoma (n = 10) and Bowen's disease (n = 26).
Conclusions: The basal layer of the epidermis appears to be quite sensitive to radiation carcinogenesis,
particularly at a young age. The suprabasal layer seems to be more resistant, as shown by the lack of an
association for squamous cell carcinomas. Cancer Causes and Control 1998, 9, 393±401
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Introduction

The ®rst study of skin cancer among atomic-bomb
survivors in Japan1 was conducted between 1964 and

1966 among the 20,000 members of the Adult Health
Study (AHS), a clinically examined subset of the Life
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Span Study (LSS) cohort. Only ®ve skin cancers were
identi®ed, with no evidence of radiation effect. Sad-
amori et al 2 investigated skin cancer incidence between
1958 and 1985 in 26,000 Nagasaki LSS subjects and
reported a signi®cant excess relative risk based on four
melanoma and 43 nonmelanoma skin cancer cases. A
correlation between skin cancer incidence and decreas-
ing distance from the bombings also was reported
among 66,276 Nagasaki survivors registered at the
Nagasaki University School of Medicine.3,4 More re-
cently, an increased risk of nonmelanoma skin cancer
associated with radiation exposure was demonstrated in
the entire LSS.5,6 Histologic type, skin cancer body
location, and the effects of ultraviolet (UV) radiation
were not considered in previous studies of skin cancer
incidence in the LSS cohort, although these factors were
considered in a recent report on the prevalence of skin
neoplasms among 6,000 participants in the AHS.7

During a careful clinical examination between 1989
and 1992, only ®ve skin cancers were detected, but a
dose-response was observed for skin cancer and pre-
cancerous skin lesions combined.

Most other studies are of persons exposed to partial
body irradiation, and none of them includes both
children and adults.8-12 Because of the relative lack of
information on ionizing radiation exposure and skin
neoplasia, we conducted a detailed epidemiologic and
pathologic assessment of skin cancers, including in situ
tumors, in the LSS cohort.

Materials and methods

As in the latest LSS incidence study,5 the present study
population comprises 79,972 people with DS86 dose
estimates who were residents of Hiroshima or Nagasaki
at the time of the bombings and who were alive and not
known to have cancer on 1 January 1958. Almost 60
percent of the cohort members are women, and 68
percent were in Hiroshima at the time of the bombings.

Skin cancers occurring between 1 January 1958 and 31
December 1987 were identi®ed through the Hiroshima
and Nagasaki tumor registries. For this study, follow-up
ended in 1987 because of the ®ve-year lag time in case
registration in the Hiroshima and Nagasaki Tumor
Registries and the time required for collecting tissue
blocks for all cases as well as conducting the pathology
slide review. To identify in situ tumors, the registry
cases were augmented using the tissue registries (which
were established in 1973), autopsy and surgical pathol-
ogy records at major medical institutions in Hiroshima
and Nagasaki, and records maintained at the Radiation
Effects Research Foundation (RERF). To ensure com-
plete ascertainment, tumor registry cases with ICD-913

codes 140 (lip), 154.2 (anal canal), 154.3 (anus, not

otherwise speci®ed [NOS]), and 171.0 (cartilage of
eyelid or ear), which sometimes include misclassi®ed
skin cancers, were also reviewed.

Three study pathologists classi®ed tumors by histo-
logic type according to WHO14 criteria. Of the 343
tumors ®tting the study pathology criteria, 301 (88
percent) tissue specimens were retrieved and examined
by the study pathologists. For an additional 19 (six
percent) cases, only pathology records were available for
review. For the remaining 23 cases, either clinical
records (n � 11) or death certi®cates (n � 12) were
reviewed. Only the 299 ®rst primary malignant and
carcinoma in situ (including Bowen's disease) skin
tumors with ICD codes 172, 173, 184.1, 184.4, 187.4,
and 187.7 were studied because treatment for an earlier
cancer could cause a subsequent cancer, and chances of
detecting other cancers might be increased. After
excluding tumors occurring before or after the study
period (n � 26), those occurring among persons `not in
city' at the time of the bombings (n � 39), without
DS86 dose estimates (n � 22), and not living in the
Hiroshima and Nagasaki Tumor Registry catchment
area (n � 4), 208 skin tumors remained for analysis.

Using the DS86,15 individual weighted dose-estimates
were calculated as the sum of the c-ray and 10 times the
neutron kerma. Since this system does not include an
organ dose estimate for skin, it was assumed that skin
dose was equal to the DS86 kerma estimates. Approx-
imately 40 percent of the study population had a DS86
weighted skin dose of less than 0.005 sievert (Sv), and
almost three percent had dose estimates of one or more
Sv.

Individual DS86 kerma estimates for survivors with
estimates of less than four gray (Gy) actually may be
between 30 and 50 percent higher or lower. Dose
estimates in excess of four Gy are likely to be more
uncertain16 and mostly are overestimated. To adjust for
the impact of these errors, we set kerma estimates
greater than four Gy equal to four Gy and used the
method suggested by Pierce et al16 to produce bias-
corrected risk estimates. These adjustments increase
estimates of the slope of the dose-response function in
linear models by 10 to 15 percent.

Data for the different types of skin tumors were
cross-classi®ed by age at exposure (13 categories),
attained age (17 categories), calendar time (seven cate-
gories), dose (10 categories), gender, city, and member-
ship in the AHS. Members of the AHS receive biennial
clinical examinations, and, therefore, their likelihood for
detection of a skin tumor is increased. For each stratum,
person-years, tumor counts, person-year-weighted av-
erage values for dose, attained age, age at exposure, and
time since exposure were computed. Person-years of
observation were computed from 1 January 1958 until
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the earliest of: (i) the date of diagnosis of the ®rst
primary cancer; (ii) the date of death; or (iii) 31
December 1987 (the end of follow-up). Because the
tumor registries routinely obtain information on cancer
diagnoses only for people who are resident in the
registry catchment areas at the time diagnosis, we
excluded cases diagnosed outside the catchment area
and adjusted the person-years based on immigration and
emigration information from the AHS cohort.5,17

We used Poisson regression methods to compute
maximum likelihood estimates for both relative and
absolute excess risks.18 Parameter estimates, likelihood-
ratio tests, and likelihood-based con®dence intervals
(CI)19 were computed with the AMFIT computer
program.20 We analyzed the data using general excess
relative risk (ERR) models (the background rate times
one plus the ERR) written as

k�c; g; p; a;m��1� q�d�e�c; g; a; e; t;m��;
and general excess absolute risk (EAR) model (the
background rate plus the EAR) written as

k�c; g; p; a;m� � q�d�e�c; g; a; e; t;m�:
In these models, k(á) describes background skin cancer

rates as a function of city (c), gender (g), time period (p),
attained age (a), and membership in the AHS (m). The
functions q(á) and e(á) describe the dose-response func-
tion and effect modi®cation, respectively. Potential
effect modi®ers included the covariates c, g, a, and m,
as well as age at exposure (e) and time since exposure (t).
The log of the background rates was modeled as a
gender-speci®c linear function of log-attained age with
additional effects for city, time period (1958-65, 1966-
75, and 1976-87), and AHS membership. Time period
was included to take into account temporal changes in
skin cancer incidence. Effect modi®cation was modeled
as log-linear functions. We considered linear, linear-
quadratic, linear-spline, and threshold dose-response
models. The linear spline has the form:

q�d� � b1d d < d0

b2�d-d0� d � d0:

�
In the threshold model b1 is set to equal to 0.

Results

Between 1958 and 1987, 208 ®rst-primary skin tumors
®tting the study criteria were diagnosed in Hiroshima
and Nagasaki in LSS survivors with DS86 dose esti-
mates. Ten malignant melanomas, 172 nonmelanoma
skin cancers (80 basal cell, 69 squamous cell, 13 other
epithelial, and 10 non-epithelial or unclassi®ed), and 26
cases of Bowen's disease were identi®ed (Table 1).
Sixty-one (29.3 percent) tumors occurred on the face,

20 (9.6 percent) on the scalp and neck, 108 (51.9 percent)
on the trunk and limbs, and 19 (9.1 percent) on the
external genitals. The ratio of basal cell to squamous
cell carcinoma was 1.2, and 45.0 percent of the basal cell
compared with 18.8 percent of the squamous cell
carcinomas occurred on the face.

For persons exposed to doses above one Sv, the crude
rates for nonmelanoma skin cancer as a group, basal cell
carcinoma, and Bowen's disease are high, but no differ-
ence was observed between persons exposed to less than
0.005 Sv compared with those exposed to 0.005-0.99 Sv
(Table 2). Basal cell carcinoma occurred most frequently
on body areas exposed to UV radiation (face and hands)
in the survivors in the lowest dose group whereas the
opposite distribution was seen in persons exposed to
more than one Sv. For squamous cell carcinoma, the
crude rates declined somewhat with increasing dose, and
the distribution of cancers by body location also differed
from that described for basal cell carcinoma.

Using a linear excess relative risk (ERR) model, a
dose-response was demonstrated for nonmelanoma skin
cancer as a group (ERR at one Sv [ERR1Sv] � 0.62, 90
percent CI � 0.23-1.3). The ERR1Sv was increased
signi®cantly for basal cell carcinomas (ERR1Sv � 1.8, 90
percent CI � 0.83-3.3) and nonbasal, nonsquamous cell
epithelial skin carcinomas (ERR1Sv � 1.4, 90 percent
CI � 0.02-5.8), but not for squamous cell carcinoma
(ERR1Sv � < -0.1, 90 percent CI � < -0.1-0.10). While
the point estimates were high for malignant melanoma
(ERR1Sv � 2.1, 90 percent CI � < 0.1-12), nonepithe-
lial skin cancer (ERR1Sv � 0.5, 90 percent CI � < -0.1-
6.7), and Bowen's tumor (ERR1Sv � 0.86, 90 percent
CI � -0.04-3.1), the CIs were extremely wide. Because
of the small number of cases, no further analyses were
conducted for melanoma, other epithelial carcinomas,
and nonepithelial skin cancers.

Basal cell carcinoma

After allowance for radiation effects, the incidence of
basal cell carcinoma increased substantially over time.
Rates also increased rapidly with attained age. Women
had about 25 percent less basal cell carcinoma than men,
and in AHS members, the rate was between ®ve and 15
percent higher than for other survivors. In Nagasaki, the
rate of basal cell carcinoma was 63 percent higher than
in Hiroshima (P � 0.04).

Over 75 percent of basal cell carcinomas seen among
survivors with doses over one Sv appear to be associated
with their radiation exposure (Table 3). A formal test
for nonlinearity based on a linear-quadratic model in the
full dataset with allowance for age-at-exposure effects
provides no evidence (P > 0.5) of nonlinearity in the
dose-response. Modeling the dose-response using a
linear spline with a knot at one Sv improved the ®t
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Table 2. Crude skin tumor incidence rates by histology and level of ultraviolet exposure, 1958-87; Atomic-bomb survivors (Japan)

Histology Weighted skin dose (Sva)

<0.005 0.005-0.99 1+

Cases Rateb Cases Rateb Cases Rateb

Melanoma 3 0.4 6 0.6 1 1.2

Nonmelanoma skin cancer 67 10.0 83 8.8 22 27.5

BCCc 26 3.9 38 4.0 16 20.0

SCCd 33 4.9 34 3.6 2 2.5
Other epithelial 4 0.6 6 0.6 3 3.7

Nonepithelial and NOSe 4 0.6 5 0.5 1 1.2

Bowen's disease 11 1.6 11 1.1 4 5.0
Ultraviolet exposure

High (face, hands)

Nonmelanoma skin cancer 27 4.0 29 3.1 7 8.7

BCCc 17 2.5 16 1.7 4 5.0
SCCd 7 1.0 10 1.1 1 1.2

Low (rest of body)

Nonmelanoma skin cancer 40 6.0 54 5.7 15 18.7

BCCc 9 1.3 22 2.3 12 15.0
SCCd 26 3.9 24 2.5 1 1.2

Migration-adjusted person-years 667,100 948,195 80,079

a Sv = sievert.
b Rate per 105 persons per year.
c BCC = basal cell carcinoma.
d SCC = squamous cell carcinoma.
e NOS = not otherwise speci®ed.

Table 1. Distribution of histologic types of skin cancer by various factors; Atomic-bomb survivors (Japan)

Person-
years

Melanoma BCC a SCC b Other
epithelial

Other
non-epithelial

Bowen's
disease

Total

Gender

Male 639,740 5 32 34 4 5 10 90

Female 1,055,630 5 48 35 9 5 16 118

City
Hiroshima 1,175,658 5 51 49 10 6 21 142

Nagasaki 519,712 5 29 20 3 4 5 66

Age at diagnosis (yrs)
< 50 853,041 2 6 11 0 2 0 21

50 < 60 319,576 0 11 8 0 1 2 22

60 < 70 276,237 3 17 15 2 3 3 43

70+ 246,516 5 46 35 11 4 21 122
Age at exposure (yrs)

< 10 399,850 0 3 3 0 1 0 7

10 < 20 400,148 2 8 9 0 1 0 20

20 < 40 550,043 3 28 18 4 3 9 65
40+ 345,329 5 41 39 9 5 17 116

Year of diagnosis

1958-65 550,531 2 9 17 3 2 3 36
1966-75 582,487 4 19 20 3 1 3 50

1976-87 562,352 4 52 32 7 7 20 122

Anatomical site

Face 1 36 13 5 3 3 61
Scalp and neck 0 11 7 0 2 0 20

Trunk and limbs 9 29 36 6 5 23 108

External genitals 0 4 13 2 0 0 19

Total 1,695,370 10 80 69 13 10 26 208

a BCC = basal cell carcinoma.
b SCC = squamous cell carcinoma.
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slightly (P � 0.09). This value for the knot was chosen a
priori and we did not try to ®nd the optional value for
the knot. Under the linear-spline model for a person age
30 at exposure, the ERR1Sv is estimated to be 0.7 (90
percent CI � <0.1-2.8). For doses above one Sv, the
change in the ERR is estimated to be four per Sv (90
percent CI � 1.9-9). The ®t of a linear model with a one
Sv threshold was marginally worse than the linear-spline
model (P � 0.12). At doses less than approximately 1.5
Sv, risk estimates based on the non-linear models are
lower than those predicted by the linear model while the
opposite is true for higher doses. Figure 1 presents ®tted
curves for selected dose-response models.

Using a linear model with an age-at-exposure effect,
the estimated ERR per Sv for basal cell carcinomas is 1.9

(90 percent CI � 0.6-4.3) for a person exposed to the
bombings at age 30. Excess risks were strongly associ-
ated with age at exposure (P < 0.001), with the risk
decreasing by about 11 percent (90 percent CI � 6%-
16%) with each additional year of age at exposure. As
indicated in Table 4, further adjustment for gender or
time since exposure had little effect on the risk after
allowing for an age-at-exposure trend. Attained age was
found not to affect the ERR after allowance for age at
exposure. The ERR for developing basal cell carcinoma
in parts of the body not heavily exposed to UV rays is
almost 10 times higher than in the face and hands. The
ERR for Nagasaki is 1.3 times (90 percent CI � 0.4-4.0)
the risk for Hiroshima, and the ERR for AHS members
is 1.4 (90 percent CI � 0.4-5.0) times that for non-
members. Without allowing for the effect of age at
exposure, there is a signi®cant (P < 0.001) decrease in the
ERR with attained age. Adding age at exposure to this
model leads to a signi®cant improvement in the ®t (v2 (1
df) � 4.46, P � 0.04) but the resulting model ®ts only
slightly better (v2 (1 df) � 0.57, P � 0.45) than one in
which the ERR depends only on age at exposure. On the
basis of these analyses, a model including effect mod-
i®cation only by age at exposure provides the most
parsimonious description of the current data.

Although interpretation of excess absolute risks
(EAR) for nonmelanoma skin cancer is complicated by
improvements in ascertainment and the dramatic in-
crease in incidence during the last two decades, it is
useful to note that the EAR increased rapidly with time.
After allowing for the effect of improvements in ascer-
tainment with calendar time period on both background
and excess rates, this increase is proportional to time-
since-exposure raised to the 3.5th power (95 percent CI

Table 3. Observed (Obs) and excess skin cancers by dose and histologic type; Atomic-bomb survivors (Japan)

Dose (Sv) Subjects
category

All basal cell Squamous cell Bowen's disease

All UVa exposureb High UVa exposureb Low UVa exposureb

Obs Excessc Obs Excessc Obs Excessc Obs Excessc Obs Excessc

< 0.005 31,708 26 0.1 17 2.4 9 -2.4 33 4.8 11 2.5

0.005 < 0.1 29,124 23 0.8 9 -2.3 14 3.6 21 -2.2 5 -2.3

0.1 < 0.2 5,740 7 2.6 3 0.8 4 1.8 8 2.7 3 1.2
0.2 < 0.5 6,088 6 1.0 3 0.2 3 0.7 3 -3.1 1 -1.1

0.5 < 1 3,633 2 -0.9 1 0.7 1 -0.3 2 -1.8 2 0.8

1 < 2 2,281 6 4.2 1 -0.2 5 4.3 2 -0.5 3 2.2
2 < 3 776 6 5.4 2 1.6 4 3.8 0 -0.9 0 -0.2

3+ 799 4 3.5 1 0.7 3 2.8 0 -0.8 1 0.8

Total 80,149 80 16.7 37 3.9 43 14.3 69 -1.8 26 3.9

a UV = ultraviolet.
b Degree of UV exposure by body location. High UV exposure area includes the face and hands; low UV exposure area includes the rest

of the body.
c Excess = observed minus expected. Expected numbers of cases were determined on the basis of an internal analysis including a

background rate model that allows for effects of age, calendar period, gender, and city. Observed to expected ratios (O/E) can be

computed as (Observed/ [Observed-Excess]).

Figure 1. Basal cell carcinoma radiation dose-response curves

for various excess relative risk models; Atomic-bomb survivors

(Japan). The plot also includes ®tted values and 90% con®dence

intervals for speci®c dose categories.
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� 0.9-7, P � 0.008). Under this model, 25 years after
exposure, the EAR is 0.2 cases per 10,000 PYSv (95
percent CI � 0.05-0.5). There is no evidence of an
additional effect of attained age on the EAR. The data do
not suggest that the EAR varied with gender (P � 0.2)
or with age at exposure (P > 0.5) after allowing for time-
since-exposure. Without adjustment for time-since-ex-
posure, the increase in the EAR is estimated to be
proportional to attained age (i.e., attained age raised to
the ®rst power) but this trend is not statistically
signi®cant (95 percent CI � )0.6-3.0). Adding either
time-since-exposure or age-at-exposure to this model
signi®cantly improves the ®t. Taken together, these
results suggest that temporal changes in the EAR are best
described in terms of time-since-exposure.

Squamous cell carcinoma

In contrast to the ®ndings for basal cell carcinoma, no
dose-response (linear or nonlinear) was seen for squa-
mous cell carcinoma (Table 3). Further, we did not
observe an effect of gender, attained age, age at exposure,
or time since exposure on the ERR (P value > 0.5 for all
factors). We also analyzed the data excluding the genital
tumors but still no radiation effect was observed.

Bowen's Disease

While the point estimate of the ERR (ERR1Sv � 0.85)
suggested a dose-response relation for Bowen's disease,

the CI was wide (90 percent CI � -0.04-3.1), and the
data are consistent with a broad range of risks. Unlike
the results for basal cell carcinoma and most other solid
cancers, risk appeared to increase with increasing age at
exposure. There was no evidence against a hypothesis of
linearity (P >0.5 for linear-quadratic and linear-spline
models).

Discussion

The relatively rare occurrence of skin cancer in Japan
allows the Hiroshima and Nagasaki tumor registries to
collect data on nonmelanoma skin cancer. While case
ascertainment of nonmelanoma skin cancers is clearly
not complete, particularly before the establishment of
the tissue registries in 1973, we used multiple data
sources to identify tumors ± 80 percent of the skin
cancers were identi®ed from two or more sources ± and
made attempts to augment case ascertainment through
additional record searches. We also compared the age-
standardized incidence rates of melanoma and nonmel-
anoma skin cancers in the Hiroshima and Nagasaki
population-based tumor registries with those reported
from the other Japanese and Asian registries. Hiroshima
and Nagasaki had the two highest incidence rates of the
six Japanese registries and were the third and fourth
highest of 17 Asian registries of Asian populations.21 The
higher incidence of skin tumors in Nagasaki compared

Table 4. Basal cell carcinoma ®tted linear risk estimates by gender, time since exposure, and ultraviolet exposure; Atomic-bomb

survivors (Japan)

Variable Cancers Person-years ERRa per Svb (90% CI)c

Age at exposure (yrs) Heterogeneity dP = 0.03; trende P < 0.001

0-9 3 399,850 21 (4.1-73)

10-19 8 400,150 6.7 (2.1-17)

20-39 28 550,040 1.7 (0.5-3.8)
40+ 41 345,330 0.7 (-0.05-2.2)

Years since exposuref Heterogeneityd P > 0.17; trend e P > 0.5

13-20 9 550,530 < -0.1 (< -0.1-11)
21-30 19 582,490 6.0 (1.4-18)

31-42 52 562,350 1.6 (0.5-3.7)

Genderf Heterogeneityd P > 0.5

Female 48 1,055,630 1.6 (0.5-4.1)
Male 32 639,740 2.7 (0.5-9.1)

UVg exposuref Heterogeneityd P < 0.02

High (face and hands) 37 1,695,370 0.4 (< -0.1-2.1)

Low (rest of body) 43 1,695,370 4.7 (1.2-13)

a ERR = excess relative risk.
b Sv = sievert.
c CI = con®dence interval.
d Test of the hypothesis that effects differ across categories.
e Test for log-linear trend across categories.
f Estimates are for a person exposed to the bombings at age 30. The estimates depend on age at exposure with larger risks for those

exposed earlier and smaller risks for those exposed later in life. The risks change by about 11% for a one-year change in age at

exposure. Trend tests are adjusted for age at exposure effects on the excess risk.
g UV = ultraviolet.
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with Hiroshima could be attributed, in part, to the
routine reporting of `tumor-like lesions' to the Nagasaki
Registry.22 Since all of these lesions were reviewed by
the study pathologists, there was more of a chance of
identifying additional early-stage carcinomas in Naga-
saki. The relatively low BCC:SCC ratio found in this
study might indicate some underreporting of basal cell
carcinomas, but it also could re¯ect a difference in the
distribution of histologic types in a non-White popula-
tion. For example, in some Asian populations, ratios of
less than one have been reported,23 and among Blacks in
the United States, there is a predominance of squamous
cell carcinoma.24

By identifying cases from the tumor registries, we
could prevent reporting bias, but case ascertainment
could only begin in 1958, i.e., 13 years after the
bombings. Since skin cancer is a disease of older age,
few cases would be expected to occur during these 13
years. Indeed, only nine cases were diagnosed between
1958-65. Shore et al11 only found an excess risk 20 or
more years after radiotherapy. This ®nding may be due
to a long latency period, but, more likely, it is due to the
young age of the study subjects.

The pathology review revealed errors in diagnoses
taken directly from the tumor registries. Of the 181 skin
cancers analyzed by Thompson et al,5 six (3.3 percent)
were actually Bowen's disease; 26 (14.4 percent) were
benign skin tumors; three were non-neoplastic skin
diseases; two were non-skin neoplasms; and two were
incorrectly identi®ed as belonging to LSS cohort mem-
bers. Because we used the WHO skin classi®cation14 for
this study, 19 genital skin cancers, four skin lymphomas,
and two connective-tissue skin cancers were added to
the study cases. Additional medical information ob-
tained during this study allowed a ®nal diagnosis for 10
previously pending cases, and ®ve cancers previously
coded to another cancer site were reclassi®ed as skin
cancers.

In this study, we found the risk of radiation-induced
skin cancer varied markedly by histologic type. The
ERR was almost three times higher for basal cell
carcinoma than for nonmelanomas as a group. For basal
cell carcinoma, age at exposure was the major factor in
determining ERR; however, the lack of an age-at-
exposure effect in the EAR suggests that high ERRs for
those exposed as children are likely to decrease with
time. In a skin cancer prevention trial,25 the relative risk
of BCC also increased with younger age at radiother-
apy.

The A-bomb survivor data clearly indicate that basal
cell carcinoma can be induced by acute exposure to
ionizing radiation at doses in the range of one to four Sv.
Results from the New York (USA)11 and Israel9 tinea
studies have demonstrated that ionizing radiation can

induce skin cancer at doses above four Gy, but other
studies have not provided convincing direct evidence of
excess risks following low doses.10 The tinea studies
suggest a linear ERR1Gy in the range of ®ve to seven Gy
following childhood exposure. Our linear estimates for
children are 10 or more times these values (albeit with
considerable uncertainty). Although we found some
evidence of nonlinearity in the dose-response, precise
characterization of the slope is dif®cult.

As in several,9,11,25 but not all,26 studies of persons
exposed to radiotherapy, we found no increased risk of
squamous cell carcinoma. In rats, squamous cell carci-
nomas predominate at high doses.27 Since almost all
atomic-bomb survivors had skin doses below four Sv
and close to 95 percent had doses below one Sv, an
excess risk of squamous cell carcinoma might not be
expected.

Experimental data suggest that about 70 percent of the
proliferating stem cells are located in the basal layer of
the epidermis, and they appear to proliferate faster than
those in the suprabasal layer.27 Since SCC usually occurs
in the suprabasal cell layer and BCC develops in the
basal layer,28,29 our ®ndings for BCC and SCC are
consistent with experimental studies suggesting that the
basal layer of the epidermis is the most radio-sensitive
skin tissue.

Although Bowen's disease is considered either a
precursor lesion of squamous cell carcinoma28 or
squamous cell carcinoma in situ,29 our results suggest
an excess risk for Bowen's disease. While in situ
carcinoma may become invasive, invasive squamous cell
carcinoma can develop without going through this stage
and can arise in association with pre-existing actinic
keratosis or atypical epidermal hyperplasia.29 It may be
that actinic keratosis and atypical epidermal hyperplasia
are less affected by radiation exposure than Bowen's
disease and that many of the squamous cell carcinomas
in this series may have developed from those conditions.

Based on the comparison of risk estimates from
various studies as well as a lack of skin cancer excess in
African-Americans (Blacks) treated with ionizing radi-
ation for tinea capitis,11 Shore10 has hypothesized an
interaction between UV and ionizing radiation in skin
cancer induction. Our data, however, do not support
this hypothesis. We found an extremely high overall
ERR of basal cell carcinoma associated with ionizing
radiation in a population with low rates of UV-induced
skin cancer. The ERR was signi®cantly higher for parts
of the body usually shielded from UV radiation com-
pared with parts generally exposed to UV exposure.
This ®nding does not indicate that UV-shielded skin is
more sensitive to ionizing radiation, but rather that
BCCs occur more uniformly over the body surface
among heavily exposed survivors than they do among
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survivors with little exposure. It is also possible that
among people with a relatively high melanin content,
any interaction between UV and ionizing radiation is
minimized. A case report of an African-American
patient with nevoid basal-cell-carcinoma syndrome
suggests that while Blacks have considerable protection
against developing UV-induced BCC, they do develop
BCC following exposure to ionizing radiation.30 The
suggestion of an interaction between UV-exposure and
radiation may also re¯ect a confounding effect of age at
exposure. In atomic-bomb survivors, the relative risks
declined sharply with age at exposure and the risk was
no longer signi®cant in people exposed after 40 years of
age. The primary evidence for UV/ionizing-radiation
interaction comes from the comparison of risks ob-
served in studies of adults exposed to ionizing radiation
in UV-shielded body sites with risks seen in studies of
children or infants exposed to ionizing radiation in UV-
exposed areas of the body.10 One exception is the study
of uranium miners;31 however, the miners were exposed
to high-linear energy transfer (LET) radiation and had
special dermatologic examinations.

Because ascertainment and diagnosis of nonmelanoma
skin cancer and, particularly, basal cell carcinoma, vary
with calendar year, age, skin pigmentation, and possibly
gender, the speci®c absolute risk estimates presented are
dif®cult to generalize to populations other than the one
studied. The rapid increase in the EAR with time is,
however, consistent with the notion of a long latent
period for radiation-induced nonmelanoma skin can-
cers. It is important to continue follow-up of this cohort
to determine lifetime risks.
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